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G
ENERATION of interface traps during hot carrier injection (HCI), Fowler-Nordheim (FN) and negative bias temperature instability (NBTI) stress has been exhaustively studied in the literature [1] - [8] .
time evolution always shows power-law dependence, with larger value of exponent for FN and HCI compared to NBTI stress. Proper modeling of is crucial for accurate lifetime prediction. Furthermore, any recovery of generated after the stress is stopped must also be properly understood and modeled. Classical one-dimensional (1-D) reaction-diffusion (R-D) model [9] can successfully explain the NBTI generation and recovery characteristics [10] , [11] . Recently, a 2-D extension of R-D model was proposed to model HCI [12] , which needs experimental validation. Note that the crucial difference between NBTI and HCI is the absence of hot electrons (HE) and hot holes (HH) for the former stress condition [8] .
According to 2-D R-D model, generation is due to localized (near the drain junction) breaking of Si-H bonds (by either hot electrons, or hot holes, or both) at the Si-SiO interface and subsequent diffusion of released H into the oxide. Any recovery of after stress is due to back diffusion of H toward the Si-SiO interface and repassivation of broken Si bonds. It has been proposed that a larger spread of the degraded region would produce lower and larger recovery during stress and post-stress phases respectively [12] .
It has been recently shown that two types of generation take place after uniform FN stress in p-MOSFETs [13] . When HH presence is insignificant, is due to broken Si-H bonds at the Si-SiO interface, a fraction of which recovers after stress. However in the presence of large HH generation, broken Si-O bonds at or very close to the Si-SiO interface also makes a contribution and increases the overall of measured . Furthermore, additional contribution by broken Si-O bonds does not recover after stress.
In this paper, by using well-designed experiments and full band Monte Carlo simulations it is shown that 2-D R-D model alone cannot successfully explain HCI. It is shown that together with the spread of broken Si-H bonds, contribution due to broken Si-O bonds must also be taken into account to explain the generation and recovery of during HCI stress.
II. RESULTS AND DISCUSSION
Experiments were performed on n-MOSFETs having oxide thickness of 26A and channel length (L) of 0.20 and 0.28 m and a width of 10 m. During stress, gate and drain biases were held at 2.0 and 4.0 V respectively and the substrate bias was varied. The stress was followed by a post-stress period with all terminals grounded. Both stress and post-stress periods were periodically interrupted to estimate by measuring charge pumping current [14] , using a single level pulse at kHz. The delay (stress off time) for measurement was 500 ms. Fig. 1 plots the time evolution of for different stress conditions, and shows the usual power law behavior. Long-time saturation at higher degradation level is due to reduction in drain current (and hence stress level). The magnitude of increases while reduces at higher stress and lower L. Fig. 2 plots the time evolution of recovery for identical stress conditions as in Fig. 1 . Recovery is negligible after stress but is present after stress. While the fractional recovery remains similar, the absolute recovery increases at lower L. Note that the value of obtained for stress ( Fig. 1) is slightly higher than the true value due to the presence of recovery during measurement delay [15] . To explain the above results, process, device, and fullband Monte Carlo simulations were performed using well calibrated DIOS, DESSIS [16] , and SMC [17] simulators. Figs. 3 and 4 , respectively, show the HE and HH density distributions at the Si-SiO interface and along the channel, simulated for identical stress conditions as Fig. 1 . Note that for the devices used in V and V were kept identical for all stress configurations. All datasets were fitted with a straight line up to 40 s to determine the slope before onset of saturation.
Fig. 2. (LHS) fractional and (RHS) absolute recovery of 1N ( 1I )
following stress at different L and V . V and V were kept identical for all stress configurations. All terminals were grounded during post-stress phase.
this study, charge pumping measurement probes the drain half of the channel up to a fractional length of about 0.4 [4] . Therefore, HE and HH density distribution up to should be used to interpret the experimental results. Fig. 3 shows that the spread of HE distribution increases at higher and lower . Fig. 4 shows that the HH distribution remains almost unaffected at higher . However, both the peak and spread of HH distribution increases by a large amount as L is scaled.
The reduction in and increased recovery at higher is consistent with increased HE spread and can be explained by the 2-D R-D model framework. It is therefore assumed that HE distribution (directly or indirectly) affects the recoverable Si-H contribution. On the other hand, HH density and hence the nonrecoverable Si-O contribution (and HH induced broken Si-H bonds, if any) remains unchanged between V and V stress. HE spread also increases by a large amount as L is scaled and therefore, 2-D R-D model would suggest reduced and larger recovery. Indeed, higher absolute recovery is observed at lower L, which is consistent with the 2-D R-D model. However, the above model is not consistent with similar and fractional recovery values observed as L is scaled. Note that HH density also increases by a large amount as L is scaled, which would increase the nonrecoverable Si-O contribution [13] and also possibly increase the recoverable Si-H contribution. Note that due to broken Si-O bonds shows larger compared to that due to broken Si-H bonds [13] , though the exact mechanism for such a behavior is presently unknown.
It is now conceivable that the relative contribution due to broken Si-H (caused by HE and possibly also by HH) and Si-O bonds (caused by HH) would determine the overall and fractional recovery as L is scaled. Larger relative increase in broken Si-H bonds would reduce overall and increase fractional recovery at lower L. However, if nonrecoverable Si-O contribution increase by relatively larger amount, the overall would increase and fractional recovery would decrease as L is scaled. For the present choice of stress bias, similar and fractional recovery implies similar increase in Si-H and Si-O contribution as L is scaled.
III. CONCLUSION
To summarize, generation and recovery of during and after HCI stress is studied to critically evaluate the 2-D R-D model. Stress conditions were properly chosen to vary the lateral spread of HE and HH density along the channel (verified by Monte Carlo simulations). The power law time exponent during stress as well as the fractional and absolute magnitude of recovery after stress was measured for such stress conditions. It is shown that the lateral spread of broken Si-H bonds (proportional to HE and possibly HH spread) alone cannot explain all the observed behavior, as is expected by the 2-D R-D model. Additional contribution due to HH induced broken Si-O bonds must also be taken into account to explain generation and recovery behavior.
